NASA's Next Generation Launch Technology (NGLT) program recently funded studies of the Gryphon launch architecture. Gryphon combines existing technologies with moderate propulsion advancements and a design for operations approach into a unique, aircraft-like architecture.
Acronyms

ACES
Introduction to Gryphon
Horizontal Takeoff, Horizontal Landing (HTHL) architectures typically either use highly advanced technologies (such as hypersonic propulsion, advanced materials, etc.) or are incapable of delivering substantial payloads to orbit. The Gryphon Two-Stage-to-Orbit (TSTO) HTHL architecture, however, meets NASA and DoD payload requirements without significant technology advancements. This is made possible by an in-flight propellant collection system, the Alchemist TM Air Collection and Enrichment System (ACES), developed by Andrews Space, Inc. Alchemist ACES generates liquid oxygen (LOX) through separation of atmospheric air, which allows Gryphon to take off without LOX on board, minimizing vehicle takeoff weight. 1, 2 Studies have shown that ACES, previously proposed for hypersonic combined cycle reusable launch vehicles (RLVs), is a higher payoff, lowerrisk technology if LOX generation is performed while the vehicle cruises subsonically. 3 This enables RLVs that operate with existing airbreathing and rocket propulsion systems, creating a paradigm shift in space operations.
AIAA which consists of either an orbiter or an upper stage rocket, rides "piggyback" on the booster. Fueled with hydrogen and jet fuel, the vehicle takes off (point 1 in the figure) and climbs using jet engines. Militaryderived turbofans are used due to the requirements for high thrust at altitude and supersonic performance. At altitude, the vehicle can either cruise for thousands of miles or begin generating LOX. Alchemist ACES uses the refrigerative capacity of liquid hydrogen to generate LOX (stored in the tanks) and returns gasified hydrogen at high pressure to the turbofan engines, where it is burned to generate thrust (point 2). The LOX collection duration (which depends on the rate of collection and quantity required for the mission) allows the vehicle to cruise to the desired launch point and address all azimuths from a single operating base. Once LOX tanking is completed, the vehicle assumes the desired heading, rocket engines fire in a predetermined sequence to minimize risk, and the combined stages begin a rapid climb (point 3). The turbofan engines are shut down below Mach 2, their inlets are covered, and they are thermally conditioned for restart. At Mach 2, the vehicle is above 40,000 ft and the dynamic pressure is below 40 psf. At approximately Mach 5, the first stage throttles back to match the acceleration of the second stage, and the stages separate (point 4). The first stage then shuts down its rocket engines and, using its attitude control system, rotates to high angle of attack for reentry. The first stage reenters, unpowered at first, then restarts the turbofan engines (point 5) for a powered landing (point 6). The second stage proceeds to its desired orbit and begins payload operations (point 7). Gryphon can operate out of any air field or base to which hydrogen can be transported and can fly worldwide burning conventional jet fuels.
Background
The Gryphon architecture concept was conceived at Andrews Space and initially studied under internal R&D funds. Then, a Phase I SBIR and a Space Launch Initiative (SLI) contract focused on the Alchemist technology to allow further investigation of the concept. When Northrop Grumman Corporation (NGC) included the concept in its architecture studies during SLI, it received additional technical scrutiny. After NASA's 2 nd and 3 rd Generation RLV programs were merged, Andrews briefed the new NGLT program on Alchemist and Gryphon. Upon the creation of the NGLT Systems Analysis Project (SAP), an integrated, multi-center, cooperative NASA/industry team was set up to study the Gryphon architecture as one of several promising concepts. Early successful progress allowed Gryphon to garner additional funding for continued study.
Study Approach
Because early conceptual design and analyses had already been completed by Andrews, the NGLT SAP study was focused on (1) identifying and assessing fundamental issues of feasibility and (2) generating a credible architecture design. Some of the key feasibility questions were as follows: 
Study Process
The architecture study process used, as shown in Figure 2 , had several iteration loops:
• Vehicle synthesis loop -Focused on vehicle "closure" (demonstrating that the vehicle can meet customer performance requirements) • Operations concept development loopDevelopment of an operations and maintenance concept • Life cycle assessment loop -Assessment of the architecture's safety, reliability, cost, and technology maturity • Outer loop -Design improvements / iterations to meet program goals The study process benefited from the broad involvement of industry and the various NASA centers; however, the rapid pace of the activity made communications difficult. A weekly teleconference was conducted to coordinate the progress of the participants and maintain the focus of the development. Workshops were occasionally held to stimulate design cooperation and ease collaboration. Periodic reviews were held to document study results for program management and update the design requirements. The effort to pool the expertise in this manner was highly beneficial to the team and lead to a strong, well integrated product.
The initial point of departure (POD) vehicle and operations concept was based on customer requirements and provided by Andrews. This POD was analyzed by the team, which performed trade studies and executed the study process resulting in an optimized concept. Over the span of a year, in which milestones were driven by several formal program technical reviews, the team completed multiple iterations of the study process. The team arrived at an architecture design it deemed feasible and identified specific areas for further work. 
Study Results
Design Approach
The broad goals of the NGLT program required the development of launch vehicle technologies that reduce life cycle costs and improve safety/reliability substantially when compared to Shuttle. NGLT SAP was tasked with evaluating architecture concepts upon which potential RLV technologies could be assessed. Although the requirements changed throughout the effort, the main performance objective was to size the architecture to deliver 40 mT (metric tons) to LEO. From the beginning, the team employed a "design for operations" philosophy, which dramatically influenced the architecture design. This philosophy was consistent with previous efforts at Andrews and allowed the team to take full advantage of the concept's discriminating features. Existing technologies, manufacturing processes, and vehicle systems-such as airframe materials, propellant tanks, jet engines, and rocket engineswere incorporated wherever possible. Expensive and time-consuming Shuttle maintenance procedures such as thermal protection system inspection and replacement were eliminated by tailoring the first stage's flight trajectory. Other Shuttle operations were dramatically improved by inherent vehicle differences or proper design such as common fluids, standard connections, etc. The fuselage and propellant tanks were designed for tank replacement.
Horizontal takeoff and landing inherently enables the vehicle to operate at facilities with 12,000 ft runways within the continental U.S. This also allows operation in inclement weather and enables increased flight rates without additional infrastructure such as launch pads.
Safety of the vehicle was increased by maximizing abort opportunities throughout the trajectory, resulting in a design capable of aborting throughout the entire operational envelope assuming that multiple critical faults could be detected and not become catastrophic.
The vehicle concept of operations evolved through the design study, resulting in the overall approach shown in Figure 3 . Major operations shown include:
(1) processing of the major flight elements (stages) in an element processing facility, (2) mating flight elements and payload in a payload processing and integration facility, (3) fueling and vehicle checkout prior to takeoff at a propellant handling facility, (4) takeoff and eventual landing of the vehicle utilizing a runway. A logistics facility is used to coordinate and stage all hardware utilized (5), and a base support, engineering support and administration facility provides for mission planning, launch staff, maintenance staff, etc. (6).
American Institute of Aeronautics and Astronautics Table 1 characterizes the unique advantages of the Gryphon architecture identified by the team and outlines the required actions necessary to demonstrate and prove each attribute.
Gryphon enables launch vehicle cost savings by reducing both initial (non-recurring) and recurring costs. A key benefit of Alchemist ACES is that it minimizes GTOW, resulting in a significantly smaller and lighter first stage system. This reduces vehicle development and manufacturing costs by simplifying the design and shrinking the size of key elements such as propulsion system (rocket and jet engines), the landing gear, the rocket propellant tanks, and the wing. Initial cost is further reduced by minimizing the vehicle support and infrastructure requirements. HTHL operations allow an RLV to address all markets from a single operating base located at an existing airport. This significantly reduces the dedicated infrastructure requirements and operations cost over conventional vertical takeoff solutions.
Recurring costs are reduced by decreasing the vehicle's turn around time (TAT). Reduced TAT means fewer vehicles are required to achieve the same flight rate and that less money is spent to ready the vehicle for its next launch. The bulk of the TAT reduction is achieved by eliminating or substantially reducing the two largest drivers in the Space Shuttle's between-flight maintenance: thermal protection system (TPS) inspection/repair/ waterproofing and rocket engine maintenance. The optimal staging Mach number for a TSTO vehicle with ACES is low enough (less than Mach 6) that the first stage does not require TPS. Secondly, when compared to a vertical rocket with similar payload capability, the Gryphon requires less total thrust. This results in fewer rocket engines running at lower throttle settings and reduces rocket engine maintenance. Remaining TAT reductions are made possible by aircraft-like horizontal processing, the ability to self-ferry between launch sites, and an integrated vehicle health management system, which reduces the need to disassemble the vehicle for inspection.
Gryphon also reduces development and operational risk. Technical development risk is reduced because Gryphon does not require the use of any low technology readiness level (TRL) systems, such as hypersonic propulsion or hot structures. Alchemist ACES is the Gryphon system with the lowest TRL, performed to demonstrate system operations and reliability before rocket powered flight occurs. In comparison, the Shuttle had only a few taxi and air drop tests before its first flight to orbit.
By merging the reduced thrust needs (which allows smaller, higher reliability rockets) and improved abort options, properly configured HTHL architectures can be significantly safer than VTHL options. Robust abort modes eliminate rocket deadzones during rocket ascent (regions where the loss of rocket propulsion leads to loss of the vehicle). During ascent, the jet engines remain on until all the rocket engines have ignited, to ensure ignition and proper operation. After jet engine shutdown, any noncatastrophic rocket engine failure is recoverable by re-starting the jet engines and flying back for a powered landing.
Finally, the Gryphon architecture is flexible. During air collection, Gryphon can cruise to a desired launch point. This allows it to address all launch azimuths from a single facility, widen launch windows, and avoid bad weather. The modular upper stage approach allows the vehicle to address a number of missions while maintaining a common first stage, eliminating the need for the everything-for-everyone design compromises that hampered the Shuttle program. Figure 4) is fully reusable and houses the Alchemist ACES, jet engines, and rocket propulsion systems. Liquid hydrogen is stored in separate tanks (for center of gravity control) and is used as ACES coolant and rocket fuel. Oxidizer collected during cruise is stored in LOX tanks located on the booster near the center of gravity and on the upper stage. Jet fuel is stored on the booster in wet wing tanks; the jet engines are located on the wing trailing edge. Alchemist ACES is located in the booster nose to increase vehicle stability, decrease center of gravity travel during flight, and reduce complexity, by physically separating ACES from the other propulsion systems.
The Gryphon outer mold line and control surfaces are optimized for efficient subsonic flight, which is crucial to vehicle performance. Actuating canards provide pitch stability and control while winglets provide lateral stability. The upper stage is mounted to the booster via hard points located on the dorsal side of the fuselage. Dorsally located propellant crossfeeds allow for of the filling second stage LOX tank during ACES operations and the topping off the second stage tank during the parallel burn.
Figure 4. Gryphon Architecture Subsystem Layout
Architecture Feasibility Prior to the NGLT program, Andrews conducted vehicle level analysis of the Gryphon architecture in support of its study of Alchemist ACES. NGLT built on this previous effort to answer the configuration's fundamental design and feasibility questions. The study ultimately determined that the Gryphon is a credible and viable RLV concept.
• Performance: What is the payload capacity with GTOW < 1.4 Mlb? The Gryphon launch vehicle is capable of delivering a 40 mT payload to LEO at a GTOW of < 1.3 Mlb. Variable upper stages allow payload tailoring. The GTOW is < 1.0 Mlb to deliver 56,000 lbs to the ISS and <1.4 Mlb to deliver 100 klb to LEO. The architecture is capable of performing all NGLT-specified DRMs (NASA and DoD, including heavy lift).
The booster is the size of a large commercial aircraft (such as the A380) and has a balanced field length of 10,000 ft enabling operations from almost all major airport runways. Lastly, the architecture analysis effort identified several critical issues that require further study. Several of these issues were directly related to Alchemist ACES, which was identified as a critically enabling technology. ACES has received limited funding for development and demonstration testing.
• Ground testing of previously demonstrated Alchemist ACES component technologies integrated with a fault-tolerant control system to demonstrate key performance parameters such as collection ratio, LOX purity and yield, and reliability. Test data will be used to corroborate detailed system models and validate the performance numbers used in trajectory simulations.
• Wind tunnel validation of Gryphon CFD models and subsonic aerodynamic performance. Wind tunnel simulation of dynamic separation events.
• Verification of control/trim margin through detailed aerodynamic modeling and six degree of freedom trajectory simulations.
• Finite element analysis of vehicle structure.
• Thermal analysis of the vehicle in all phases of flight.
• Analytical modeling of shock impingement during ascent and reentry to assess localized heating effects. 
Summary
The Gryphon launch vehicle architecture is an attractive solution to the nation's need for a system to replace the Shuttle. An NGLT study was performed by an experienced and multidisciplinary team using state-of-the-art tools and methods. The team validated and updated previous design choices, verified the architecture's key benefits, and set the stage for the risk mitigation and hardware testing phase that precedes full-scale development. Technologies applicable to every aspect of the system were assessed for their TRL and applicability to the Gryphon system. The study verified the feasibility of the concept and identified a logical approach for the development of the system.
For further study, wind tunnel testing is recommended to validate aerodynamic analysis. Finite element analysis and detailed thermal analysis is required to ensure structural integrity of all vehicle stages. Additionally, Alchemist ACES must be verified experimentally to reduce programmatic risk.
